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Abstract 26 
Preaxial polydactyly is a congenital hand anomaly predominantly of sporadic occurrence, 27 
which is frequently associated with abnormalities of the Sonic hedgehog signalling pathway. 28 
In experimentally induced preaxial polydactyly, radial aplasia is also frequently observed. To 29 
determine if there is a correlation between preaxial polydactyly and radial aplasia, we 30 
induced ectopic Sonic hedgehog signalling during chicken limb development with application 31 
of a SMO-agonist or retinoic acid. Application of SMO-agonist caused malformations in 71% 32 
limbs including preaxial polydactyly (62%) and forearm abnormalities (43%). Retinoic acid 33 
application induced malformations in 56% of limb including preaxial polydactyly (45%) and 34 
forearm abnormalities (50%). Radial dysplasia and ulnar dimelia were observed in both 35 
experimental conditions. We demonstrate that ectopic Sonic hedgehog signalling may cause 36 
both preaxial polydactyly and predictable forearm anomalies and that these conditions could 37 
potentially be classified as one embryological group. We propose a unifying model based on 38 
known models of ectopic Sonic hedgehog signalling. 39 
 40 
INTRODUCTION 41 
Pre-axial polydactyly (PPD) is a common congenital hand anomaly predominantly of 42 
sporadic occurrence. Wassel (1969) proposed a radiological classification for PPD conditions 43 
which has since been modified numerous times (Buck-Gramcko, 1998; Wood, 1978), most 44 
recently by Zuidam et al. (2008). These continuing efforts to ‘classify’ complex PPD 45 
conditions may reflect a lack of understanding into the underlying disease process.  46 
 47 
Our current understanding remains that PPD is frequently caused by mutations which result 48 
in either the ectopic expression or activation of the Sonic hedgehog (SHH) signalling 49 
pathway (Anderson et al., 2012); a pathway that acts during embryonic limb development 50 
(Riddle et al., 1993) to specify both digit number and anterior-posterior (radial-ulnar) digit 51 
identity (Tickle and Towers, 2017). Examples of mutations include alterations in the long-52 
range limb specific enhancer of SHH (the zone of polarising activity regulatory sequence or 53 
ZRS) where altered anatomies are confined to the limb (Anderson et al., 2012), more 54 
systemic features such as Greig syndrome (OMIM #175700) or ciliopathic conditions such as 55 
Short rib polydactyly syndrome (Huber and Cormier-Daire, 2012; OMIM #616546). SHH 56 
signalling acts to induce formation of GLI-Activator proteins over GLI-Repressor proteins 57 
and in many syndromic conditions associated with PPD, activity of the GLI transcription 58 
factors downstream of SHH signalling are altered (Vortkamp et al. 1991; Davey et al., 2006, 59 
Tickle and Towers 2017). Experimental manipulations of SHH signalling in animal models 60 
have shown that SHH acts in a time and dose dependent manner (Tickle, 1981). Thus, it is 61 
predicted that PPD severity in humans could be due both to the strength and duration of 62 
ectopic SHH expression in the developing limb bud. The developmental stage at which SHH 63 
is ectopically expressed also influences the severity of PPD; ectopic SHH expression in early 64 
limb buds creates more severe defects than expression in more mature and patterned limb 65 
buds (Yang et al., 1997; Dunn et al., 2011). 66 
 67 
Other than the autopod (hand), the ulna is also dependent on the SHH pathway for normal 68 
development. The ulna is partially derived from SHH expressing cells (Harfe et al., 2004) and 69 
in mice and chickens where SHH expression is depleted, the ulna is lost while the radius is 70 
maintained (Pagan et al., 1996; Chiang et al., 2001, Ros et al., 2003). Precisely-timed genetic 71 
disruption of SHH-signalling demonstrated that the ulna requires early/high levels of SHH 72 
signalling, equivalent to that of the most posterior digit, in order to develop (Zhu et al., 2008). 73 
In addition, strong prolonged ectopic anterior SHH signalling can cause ulnar dimelia 74 
(duplication) (Duprez et al., 1999, Yang et al., 1997). More commonly, however, radial 75 
aplasia without dimelia is observed in conjunction with induced PPD in experimental models, 76 
either through anterior application of SHH protein or retinoic acid (SHH agonist) (Tickle et 77 
al., 1975, Eichele et al., 1985) or through early deletion of GLI3 (Bowers et al. 2012). So far 78 
from these experiments, it would suggest that a spectrum of effects could be elicited by 79 
ectopic SHH signalling, resulting in PPD and radial aplasia/ulnar dimelia. 80 
 81 
We suggest a possible unifying hypothesis based on our understanding of the criteria of the 82 
limb morphogen including developmental stage of action, time and strength of ectopic SHH 83 
signal to explain the various degrees of PPD, radial aplasia and ulnar dimelia.  84 
  85 
METHODS 86 
Source and incubation of chicken eggs 87 
ISA Brown chicken lines were maintained at The Roslin Institute under UK Home Office 88 
licence. Fertilised chicken eggs were incubated at 38°C. Stage of embryonic development 89 
was determined by Hamburger and Hamilton (HH; 1951). 90 
Smoothened agonist (SAG) application and mechanism of action 91 
1μg smoothened agonist (SAG, Calbiochem, Darmstadt, Germany) was diluted in water and 92 
applied in 5uL applications so that embryos received 1μg, 2.5μg or 5μg doses between stages 93 
15-21HH (see Supplementary Data 3 for optimisation of SAG dose). SAG was injected 94 
directly onto the embryo within the amniotic membrane. For information on the action of 95 
SMO see Supplemental Data 1 and Supplemental Fig 1. 96 
Retinoic acid (RA) application 97 
AG1-X2 ion exchange resin beads were loaded with all-trans-retinoic acid as per Johnson et 98 
al (2014). Retinoic acid beads were implanted into a slit created under the base of the anterior 99 
distal AER of the limb bud at stages 17-21HH. This application of RA in this location is 100 
known to induce SHH in a precise and repeatable way in the limb mesenchyme (Riddle et al., 101 
1993; Johnson et al., 2014). 102 
SHH protein application 103 
Affi-Gel Blue Beads were soaked in SHH protein (Recombinant N-Terminus Mouse SHH 104 
protein; 461-SHH RandD Systems) and applied as per Tiecke and Tickle (2007). 105 
 106 
 107 
Skeletal staining and anatomy 108 
Embryos were incubated at 38°C, fixed at E10 (RA and SAG manipulations) or E12 (SHH 109 
bead manipulations) in 5% TCA, stained overnight in 0.1% Alcian green in 70% acid alcohol 110 
and dehydrated in graded steps to 100% ethanol and cleared in methyl salicylate. Anatomy is 111 
described as per Towers et al. (2011) for digits and Botelho et al. (2014) for carpals. For 112 
further details of bird limb anatomy see online Supplemental Data 2. 113 
114 
RESULTS 115 
In preliminary experiments using SAG applied to the developing limb we observed 4/76 116 
independent incidences of loss or reduction of the radius, 1 of which was associated with very 117 
mild preaxial polydactyly (see Supplemental Data 3). As a loss of the radius in association 118 
with PPD has also been previously demonstrated, although not well described, in classical 119 
experiments in which PPD has been induced through application of posterior limb 120 
mesenchyme expressing SHH, SHH expressing fibroblasts or retinoic acid (RA) to the 121 
anterior wing bud (Tickle 1981; Eichele et al. 1985, Yang et al. 1997), we therefore set out to 122 
examine if a loss of the radius could be directly associated with induction of PPD upon 123 
abnormal activation of SHH signaling. We undertook two approaches; application of 2.5ug 124 
SAG to stage 16HH to induce widespread SHH-related signaling (Group 1) or application of 125 
RA to the anterior limb bud at stages 17-21HH to induce localized ectopic SHH signaling 126 
(Group 2). 127 
 Group 1 128 
Group 1 exhibited limb malformations in the majority of embryos with a high incidence of 129 
preaxial polydactyly in affected limbs (Fig. 1K-M) (Table 1). Of the 24 affected limbs with 130 
altered zeugopod (forearm) patterning, the radius demonstrated some degree of ‘ulnarisation’ 131 
(Fig. 1K, L). Examples of altered anatomy included alteration of the proximal radial head to 132 
resemble incomplete olecranon development around the elbow joint (‘o’; Fig. 1K), shortening 133 
and thickening of the radius and widening of the distal head of the radius (Fig. 1K, L). We 134 
also observed loss of the radius (Fig. 1M) associated with PPD. In humans, first digit 135 
(‘thumb’, SHH-independent) hypoplasia is typically observed with radial aplasia; in birds, 136 
however, digit 1 is a SHH dependent digit (Towers et al., 2008) and would not be predictably 137 
removed by additional SHH signaling. There were no instances of ulnar dimelia in Group1 138 
specimens (Table 1).  139 
 140 
Group 2 141 
In Group 2, following RA application to the anterior limb bud, the majority of limbs again 142 
exhibited limb malformations (Fig. 1B-I; Table 1). The incidence of PPD in the autopod was 143 
similar to the SAG treated embryos, but there was a much higher percentage of forearm 144 
involvement including radial aplasia or hypoplasia with or without associated PPD (Fig. 1F, 145 
G, H, I). In addition, there were seven cases of true ulnar dimelia with the anterior forearm 146 
bone displaying both an olecranon proximally and a loss of the chicken radial carpal bone 147 
(radialus) distally (Fig. 1E, Supplemental data 2). Thus, utilizing two methods for activation 148 
of SHH signaling in the limb, we have shown consistently that the zeugopod, as well as the 149 
autopod is affected if SHH signaling is ectopically activated. 150 
 151 
Stage and Location Dependence of RA Effect on Polydactyly 152 
Both the stage of embryonic development and the precise location of RA beads can lead to 153 
variation in the extent of PPD that is induced (Eichele et al., 1985). To determine if the 154 
embryonic stage of RA application and location of RA also influenced the outcomes of 155 
forelimb malformations, we re-analysed our data both using subsets of samples in which the 156 
embryonic stage of manipulations were precisely recorded (n=31) and in which we could 157 
locate and map the final location of the bead within the E10 limb as an indication of initial 158 
bead placement (n=23). While limb truncations (2/30) including transverse deficiency and 159 
digit truncations were only observed at the earliest time point (stage 17HH), PPD of both 160 
‘mild’ forms (one extra digit) and severe forms (mirror hand) were observed at both early and 161 
latter stages: 19HH (2 mild and 1 severe) and 20HH (3 mild and 2 severe) while stage 21HH 162 
exhibited only severe PPD (2/2 atypical mirror hand). Radial deficiency, however, was also 163 
observed at all stages: 17HH, 19HH, 20HH and 21HH (n=7) associated with no PPD (2/7), 164 
mild PPD (2/7) and severe PPD (3/7).  The location of bead placement also played an 165 
important role in alteration of limb anatomy and beads which were centered on the shoulder 166 
joint were more likely to result in a change in limb anatomy (red locations gave rise to limb 167 
malformations) (Fig. 1J). 168 
 169 
SHH protein manipulation of limb bud 170 
Finally, to demonstrate that manipulation of the developing limb bud with SAG or RA is 171 
comparable to manipulation of SHH signaling, we directly manipulated anterior developing 172 
limb buds at stage 20HH with recombinant SHH protein. Surviving embryos showed 173 
induction of mild PPD (n=2) (Fig. 1P, Q) and associated alterations to the radius, including 174 
distal thickening and shortening of the radius (n=1). Transformation to an ulna (n=1) 175 
included loss of the anterior radialus (ra; c.f. Fig. 1O with 1Q). The radial-ulna 176 
transformation was akin to the morphology observed in SAG and RA application. With SHH 177 
protein application we did not observe a loss of the radius although this has been previously 178 
reported (Yang et al., 1997).  179 
  180 
DISCUSSION  181 
PPD, radial aplasia and ulnar dimelia are seen clinically as separate entities not only because 182 
of differences in location of aberrant anatomy but also their different treatment regimes. Our 183 
results have suggested that these conditions could be points on a continuum of aberrations 184 
caused by abnormal SHH signaling pathway induction in the embryonic arm, similar to a 185 
hypothesis first proposed by Al-Qattan (2013). 186 
 187 
In human, mouse and chicken limbs, digit identity is thought to be determined by the SHH 188 
pathway. According to the Growth/Specification Model (Towers et al. 2008) and based on 189 
the French Flag hypothesis (Wolpert 1968), digit number and identity has been shown to be 190 
dependent on the strength and duration of normal SHH signaling. These hypotheses also 191 
predict that a spectrum of PPD defects would be induced by differences in strength and 192 
length of ectopic SHH expression. As SHH signaling acts also during zeugopod development, 193 
we hypothesise that ectopic SHH expression may also lead to forearm pathologies. Despite 194 
the numerous studies focusing on digits, relatively little attention has been on zeugopod 195 
formation and abnormal phenotypes caused by aberrations in the SHH signaling pathway.  196 
 197 
In our stage compared experiments, interpretation of results is complex but some causes of 198 
variation may be hypothesised. Early limb buds exhibited either severe truncation defects or 199 
mild PPD. The truncations are similar to X-radiation induced cell death in the chicken limb 200 
with both anterior and posterior axes equally effected (Galloway, 2009). This suggests that 201 
young limb buds (stage 19HH) are either more vulnerable to cell death caused by RA 202 
application or that the distal limb elements have been re-specified (Roselló-Díez et al., 2011) 203 
as RA specifies proximal patterning. Early application did not induce strong PPD; possibly as 204 
the stage 19HH anterior limb bud may not be competent to express strong SHH, i.e. the 205 
‘priming phase’ maybe longer (Eichele et al., 1985). On the other hand, application of RA to 206 
stage 21HH (latter stage) induced PPD in a manner that was comparable to a mirror-hand 207 
(Eichele et al., 1985), a phenotype considered inducible only by the strongest ectopic SHH 208 
signal (Yang et al., 1997). At stage 20HH, induced PPD phenotypes were of an intermediate 209 
type as compared to those induced between 19HH and 21HH, demonstrating that there is a 210 
continuum based on ectopic SHH expression. 211 
 212 
While the severity of PPD could be correlated over time (early, intermediate and late), a 213 
reduction of the radius was seen in all stages. This suggests that the time during which the 214 
radius is susceptible to SHH signaling is both earlier and more prolonged than the digits. This 215 
is in agreement with the Summerbell hypothesis that the zeugopod is patterned before the 216 
autopod (Summerbell, 1974, López et al., 1995) or that the chondrogenic precursors of the 217 
radius are vulnerable to changes in signaling before digit precursors (Galloway et al., 2009). 218 
Our results are consistent with mouse studies in which an early loss of GLI-Repressor activity 219 
causes tibial loss in conjunction with PPD but later timed deletions only cause PPD (Bowers 220 
et al., 2012). In addition, our results also suggest that radial aplasia/hypoplasia can be induced 221 
by a wide range of strength in SHH signaling, although ulnar dimelia was only induced in 222 
limbs manipulated directly with SHH/RA and not with SAG (weaker agonist). The RA-223 
induced PPDs were the most extreme, where anterior digits of the ‘index type’ were 224 
completely lost. As RA is known to induce a large area of anterior ectopic SHH signaling, 225 
this suggests that dimelia only occurs when there are high ectopic levels of SHH signaling. 226 
Indeed, application of SHH only caused a brief but strong activation of the SHH pathway. 227 
With this brief activation, we were able to produce only a forelimb phenotype (dimelia), 228 
confirming that the radius is susceptible to SHH signaling at an earlier time point. Finally, 229 
dimelia was only induced by RA/SHH in manipulations of older limb buds at stage 20HH+, 230 
showing that the conversion of identity is a later occurrence than specification of an anterior 231 
zeugopod element. 232 
 233 
We therefore suggest that there are two time-dependent phases in the induction of the 234 
zeugopod pattern (Fig. 2). Phase 1 is dependent on low concentrations of SHH and during 235 
this time period, the zeugopod tissues become ‘primed’ to form two zeugopod elements with 236 
no set identity. Additional anterior SHH signaling during this phase ablates first the 237 
presumptive anterior zeugopod element and at higher levels, the posterior zeugopod element, 238 
resulting in a limb truncation. This illustrates that even when they are first established, the 239 
presumptive radius and ulna have different developmental potentials and sensitivity to SHH 240 
signaling. If not exposed to additional SHH signaling, both zeugopod elements would 241 
differentiate into a ‘default’ radius as is observed in the RAZ mouse in which lowered SHH 242 
signaling results in two radii (Krebs et al. 2003). During Phase 2, additional SHH signaling 243 
does not ablate the radius but instead acts to transforms it into an ulna. We suggest this is a 244 
prolonged developmental phase, illustrated by the partial ‘ulna transformations’ in which the 245 
radius becomes shorter and proximally retains a radius articulation with the elbow but distally 246 
becomes ulna-like. Both phases can overlap with the period of digit patterning, although our 247 
evidence suggests Phase 1 occurs slightly earlier than digit patterning.  248 
 249 
A classification system of human PPD based on strength and timing of ectopic SHH can 250 
therefore be proposed based on our work and that of others. For example, our results 251 
coincided with the hypothesis of Al-Qattan (2013) that minor to moderate ectopic SHH 252 
signaling results in PPD and its variants. Furthermore, we conclude that radial dysplasia and 253 
ulnar dimelia can occur in conjunction with ectopic SHH signaling and are likely to be 254 
associated with higher and earlier expression of ectopic SHH. Our main conclusion remains, 255 
however, that PPD, radial aplasia and ulnar dimelia are part of a single disease spectrum 256 
likely involving ectopic SHH activities.   257 
 258 
If these various conditions were observed simply from a clinician standpoint, the conclusion 259 
that they belong to a similar spectrum of disease progression may never have been reached. 260 
As such, our study also serves to highlight the importance of collaboration between surgeons 261 
and developmental biologists; a collaboration that had been recently emphasised with the 262 
international replacement of the Swanson classification by the Oberg, Manske and Tonkin 263 
(OMT) (Oberg et al., 2010) classification. The OMT system invite 3-yearly reviews and 264 
invite contributions as a result of new knowledge gained from experimental studies. Our 265 
study may therefore potentially contribute to the OMT system in a number of ways: (1) in the 266 
OMT, conditions are separated into IA (forearm) and IB (hand plate), suggesting that the 267 
conditions of PPD, radial aplasia or dimelia occur as an ‘either-or’ phenomenon. Our results 268 
would re-emphasise the importance of viewing these conditions as an embryological 269 
continuum and a spectrum of related disorders; (2) the description of radial aplasia in IA2i 270 
only allows for the association of thumb hypoplasia, not PPD or multiple fingers. It may be 271 
worthwhile remembering that PPD can occur with radial aplasia (Marangoz and 272 
Leblebicioğu, 2006; Yildirim et al., 2005; Al-Qattan et al., 1998; Al-Qattan, 2012); and (3) 273 
the conditions of radial polydactyly and triphalangeal thumb are classified separately under 274 
IB2iii and IB2iv respectively (Table 2) to highlight they are different clinical conditions but 275 
the path-embryological process is less distinct.  276 
 277 
In summary, we found experimentally that PPD, radial dysplasia and ulnar dimelia can be 278 
part of a single spectrum involving aberrations in the SHH pathway. A unifying theory of 279 
disease pathogenesis may inform the hand surgeon about surgical anatomy and lead to new 280 
avenues of research.  281 
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FIGURE LEGENDS 387 
 388 
Figure 1 - Radial aplasia is observed within the spectrum of ectopic SHH signalling 389 
induced limb malformations 390 
B-Q Examples of limbs in which ectopic SHH signalling had been induced with through 391 
Retinoic Acid (RA) B-J Application of SAG (K-M) or application of SHH protein (P,Q). 392 
Limbs induced by retinoic acid were categorised by observation of the polydactylous 393 
phenotype, i.e. ‘Mild PPD’, ‘Severe PPD’, Severe PPD (Mirror Hand-like), Dimelia. In all 394 
categories limbs with radial aplasia/dysplasia (F-I, M) or limbs with a transformation from 395 
radius-ulna were observed (partial distal ulna; M), except in Dimelia (E). J. Limb with a 396 
recording of location of RA bead and whether it caused limb malformation (red). Control 397 
limbs A, N, O. Abbreviations =H- humerus, r- radius, u- ulna, 1- digit 1, 2- digit 2, 3- digit 3, 398 
o- olecranon, ra/it- radialus/intermedium, it- intermedium, pi- pisiform, b- blip, slc- . Changes 399 
in anatomy are markers in red annotation. *- missing bony element.  400 
 401 
Figure 2 - Hypothesised Correlation between Longitudinal Deficiencies and SHH 402 
Signalling. 403 
A. We propose, based on our experimental evidence and that of others, that the strength of 404 
ectopic SHH signalling causes a spectrum of forelimb malformations, which radial-ulna 405 
transformations at lower levels of ectopic SHH signalling and dimelia as a result of high 406 
ectopic SHH signalling. B. We further propose that limb malformations induced by ectopic 407 
SHH expression are determined both by the strength of SHH signalling and the time which 408 
they are expressed and that SHH may be an underlying cause of a variety of limb 409 
malformations not currently classed as related. Early ectopic SHH signalling can induce first 410 
transverse deficiency, then radial deficiency, then radius-ulna transformations and finally 411 
polydactyly. Depending on the length and strength of ectopic SHH signalling a number of 412 
different malformations can be induced which model human limb malformations. We 413 
propose radial longitudinal deficiency with PPD is theoretically part of this spectrum and 414 
would be due to early strong and prolonged ectopic SHH expression. 415 
 416 
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Table 1: The number of Limbs with Manipulations and incidence  
 
Malformations Group 1 
SAG 
(56 limbs) 
Group 2 
RA 
(55 limbs) 
SHH 
            Total limbs with malformations 40/56 (71%) 31/55 (56%) 2/2 (100%) 
 Preaxial polydactyly 35/40 (87.5%) 25/31 (80%) 1/2 (50%) 
 Forearm involvement 24/40 (60%) 28/31 (90%) 2/2 (100%) 
Transverse deficiency 0/24 (0%) 1/28 (3.5%)  
Ulnarisation of radius 4/24 (17%) 0/28 (0%) 1/2 (50%) 
  Ulnarisation of radius with PPD 17/24 (71%) 5/28 (18%) 1/2 (50%) 
  Ulnar dimelia with mirror hand 0/24 (0%) 7/28 (45%)  
Radial aplasia 0/24 (0%) 4/28 (14%)  
  Radial hypoplasia with missing 
digits 
0/24 (0%) 1/28 (3.5%)  
  Radial aplasia with PPD 2/24 (8%) 7/28 (45%)  
  Radial dysplasia with mirror 
hand 
1/24 (4%) 3/28 (11%)  
Table 1
Table 2: Excerpt from the current OMT Classification of Congenital Anomalies of the 
Hand and Upper Limb (Oberg et al. 2010). 
 
I.     MALFORMATIONS  
A. Abnormal axis formation/differentiation – 
entire upper limb 
B. Abnormal axis formation/differentiation – hand 
plate  
2. Radial-ulnar (anterior-posterior) axis 2. Radial-ulnar (anterior-posterior) axis 
(i) Radial longitudinal 
deficiency –Thumb 
hypoplasia (with proximal 
limb involvement) 
(i) Radial deficiency (thumb – no 
forearm/arm involvement) 
(ii) Ulnar longitudinal 
deficiency 
(ii) Ulnar deficiency (no 
forearm/arm involvement) 
(iii) Ulnar dimelia (iii) Radial polydactyly 
(iv) Radioulnar synostosis (iv) Triphalangeal thumb 
(v) Congenital dislocation of 
the radial head 
(v) Ulnar dimelia (mirror hand – no 
forearm/arm involvement) 
(vi) Humeroradial synostosis – 
Elbow ankyloses 
(vi) Ulnar polydactyly 
(vii) Madelung deformity  
Table 2
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